One contribution of 9 to a Theo Murphy meeting issue 'Bridging the gap: from massive stars to supernovae' . Stars more massive than about 8 solar masses end their lives as a supernova (SN), an event of fundamental importance Universe-wide. The physical properties of massive stars before the SN event are very uncertain, both from theoretical and observational perspectives. In this article, I briefly review recent efforts to predict the nature of stars before death, in particular, by performing coupled stellar evolution and atmosphere modelling of single stars in the pre-SN stage. These models are able to predict the high-resolution spectrum and broadband photometry, which can then be directly compared with the observations of core-collapse SN progenitors. The predictions for the spectral types of massive stars before death can be surprising. Depending on the initial mass and rotation, single star models indicate that massive stars die as red supergiants, yellow hypergiants, luminous blue variables and Wolf-Rayet stars of the WN and WO subtypes. I finish by assessing the detectability of SN Ibc progenitors.
Introduction
It is now firmly established that a vast majority of massive stars end their lives as core-collapse supernovae (SNe). These terminal events release enormous amounts of energy, momentum and metals into the interstellar medium of the host galaxy, which in turn profoundly affects how subsequent stellar populations and galaxies evolve.
Significant progress has been made in the last few decades to bridge the gap between the last stages of massive star evolution and SNe. The direct detection of SN progenitors in pre-explosion images has revealed a diversity of outcomes. Figure 1 . Predictions of the effective temperature and luminosity of supernova progenitors from single stellar evolution models at solar metallicity from Groh et al. [8] . The diamonds correspond to the effective temperature computed by the Geneva code and are not corrected for the effects of the stellar wind, while squares correspond to the values of the effective temperature computed with CMFGEN (for T eff > 8000 K). (Online version in colour.)
In particular, several studies have observationally confirmed that SN IIP have red supergiant (RSG) stars with initial masses approximately in the range 8-17 M as their progenitors (e.g. [1, 2] ). Surprisingly, a luminous blue variable (LBV) seems to have been directly detected as a SN progenitor [3, 4] . On the other hand, the direct detection of classical Wolf-Rayet (WR) stars as SN progenitors is still uncertain [5, 6] . It should be noted that the observational sample of progenitors is not complete and typically limited to 30 Mpc.
Predicting the look of massive stars before death (a) Effective temperatures and luminosities
Interpreting properties of stars before explosion and re-constructing their evolutionary histories rely on stellar evolution models. While observational efforts intend to determine stellar properties from observed magnitudes and colours, a direct approach to this problem is to predict the outcome of stellar evolution models and their observable properties, and compare to observations. Because single and binary stars evolve differently, one expects different behaviours throughout their evolution and distinct pre-SN properties. Figure 1 shows evolutionary tracks from single star models, highlighting their predicted effective temperatures, luminosities, chemical abundances and wind properties at the pre-SN stage (for a detailed discussion on the predictions from binary models, see [6, 7] ). If a statistically significant sample of observed SN progenitors were available, one could in principle disentangle the effects from binary star evolution at different initial mass ranges and determine when they are relevant for SN progenitors.
(b) Spectrum, magnitudes and colours from coupled stellar evolution and radiative transfer models
The nature of SN progenitors from stellar evolution models has been recently investigated with different levels of sophistication [6, [8] [9] [10] [11] . The first models employed matched pre-computed grids of atmospheric models to stellar evolution calculations with the aim of predicting synthetic magnitudes [12] . This initial approach provided interesting results on the nature of SN IIP progenitors, in particular, by ruling out a super-AGB progenitor to SN 2005cs. Nowadays, stateof-the-art calculations employ full stellar evolution models coupled with expanding-atmospheric radiative transfer codes, matched at high optical depths to provide a continuous temperature and density structure between the stellar interior and atmosphere [8, 11, 13] . As an output, these calculations predict synthetic magnitudes, colours and high-resolution spectra of SN progenitors that can be directly compared with observations. Predicting the synthetic spectra of massive stars is extremely relevant as they can be compared with observed classes of massive stars to gain understanding on their natures. This is exemplified in figure 2 , which presents the pre-SN spectra of single, rotating massive stars with initial mass between 20 and 120 M . Without the aid of synthetic spectra, classical stellar evolution models predicted that massive stars with M ini 20 M would die as yellow supergiants, blue supergiants (BSGs) or WR stars of the WN and WC subtype (e.g. [1, [14] [15] [16] ). Binary models lead to much more diversity (e.g. [17] ).
Coupled stellar evolution and atmospheric radiative transfer modelling indicate that massive stars, depending on their initial mass and rotation, end their lives as RSGs, yellow hypergiants (YHGs), LBV and WR stars of the WN and WO subtypes. Because of the very distinct spectroscopic features seen among these stars, one can unambiguously link initial mass and pre-SN spectra. Figure 2 shows that, for rotating models, the following types of SN progenitors are predicted:
For non-rotating models, the following spectral types of the SN progenitors are favoured:
While predictions of synthetic spectra allows us to better classify SN progenitors, a pre-SN spectrum is almost never available. The only immediate pre-SN spectrum recorded so far is that of Sk-69 202, the BSG progenitor of SN 1987 [18] . However, the sample of SN progenitors with observed photometry is steadily increasing and, for that reason, predictions of SN progenitor photometry are warranted. The synthetic magnitudes and colours of SN progenitors can also be predicted by coupled stellar evolution and atmospheric models. This is achieved by convolving the predicted spectral energy distribution (SED) with the appropriate filter bandpasses. Figure 3 presents the SED of selected SN progenitor models from [8] , showing the large range of possible SN progenitor SEDs. Selected filter bandpasses are also displayed at the top of the figure.
As one would expect, the behaviour of the absolute magnitudes as a function of initial mass depends on how much flux the star emits within the bandpass of a given filter. Because the flux of a SN progenitor depends on its effective temperature, luminosity and wind properties, not necessarily the most massive stars are the brightest ones in a given filter. This is shown in figure 4 , which presents the synthetic absolute magnitude of SN progenitors in the Hubble Space Telescope/Wide-Field Camera 2 ultraviolet filter (F170W) and UBVRIJHK S filters as a function of their initial masses. Based on these models, one expects RSGs to be bright in the RIJHK S filters and faint in the F170W and UB filters. LBVs, YHGs and WNs are relatively bright in all filters, while WOs are faint in all optical and near-infrared filters, but bright in the F170W filter.
The results above imply that the detectability of SN progenitors strongly depends on their nature and the filters in which observations are available. Using optical filters, one would favour the detection of RSGs, YHGs and LBVs, which turn out to come from the lower range of initial masses among massive stars. in the U-band or ultraviolet is required to properly sample the range of expected absolute magnitudes from WR stars.
Looking in more detail at the RSG progenitors of SN IIP in figure 4 , we notice that their absolute magnitude linearly correlates in the initial mass of the progenitor. This was noticed in earlier studies [1, 2, 19] , and is essentially caused by the combination of higher He core masses and higher effective temperatures as the progenitor initial mass increases from 8 to 20 M . While RSGs are prone to the complicated effects of circumstellar extinction [19] , the current models seem to reproduce well the range of observed absolute magnitudes of RSGs before explosion as well as the maximum absolute magnitude of an SN IIP [8] .
(c) Luminous blue variables as supernova progenitors
Another striking result from combined stellar evolution models is the fact that LBVs could be immediate SN progenitors. While observational studies in the last decade have suggested LBVs as SN progenitors (e.g. [4, [20] [21] [22] [23] ), classical stellar evolution models had predicted that the most massive stars would explode as WR stars instead [15, 24] . Although SNe with LBV progenitors should be rare, they provide invaluable constraints on stellar evolution and the effects of mass loss on SN progenitors.
Identifying LBVs as immediate SN progenitors in stellar evolution models is only possible when the effects of an extended atmosphere and wind are taken into account. These models [9] suggest that stars with initial masses in the range 20-25 M are likely LBVs at the pre-SN stage based on the three following properties.
First, the pre-SN synthetic spectra computed with combined stellar evolution models are remarkably similar to the observed spectra of bona fide LBVs, such as AG Carinae, HR Carinae, Figure 5 . Optical spectra predicted by the combined stellar evolution models of 20 M (black) and 25 M (blue) rotating stars at the pre-SN stage. For clarity, the flux has been continuum-normalized and offset. The strongest spectral features are identified. For comparison, the observed spectrum of the prototypical LBV AG Carinae is also shown. This spectrum was obtained on 4 July 2002 (green), when the star had an effective temperature of 16 400 K [25] . Adapted from [9] . (Online version in colour.)
P Cygni and HDE 316285 [25] [26] [27] [28] . Figure 5 displays the pre-SN model spectra and the observed spectrum of a typical LBV such as AG Car. One can clearly see that the main features present in the optical spectrum of LBVs, such as strong H, He I and N II lines with P Cygni profiles [25, 29] , are also present in the synthetic spectra at the pre-SN stage. It is worth noting that the spectral morphology depends heavily on the adopted mass-loss rates. These models assume the standard mass-loss rate prescriptions included in the Geneva code [30] . These values may be affected by the distinct properties of stellar mass loss near the Eddington limit [31, 32] , which in turn would affect spectral line strengths. However, the qualitative results of a spectral type reminiscent of LBVs at the pre-SN stage would still be valid. In any case, the spectral morphology indicated by the models resembles LBVs, and is significantly different from those of WR, BSG or RSG stars. Second, combined stellar evolution models indicate that 20-25 M rotating stars are extremely close to the Eddington limit at the pre-SN stage [33] . The models typically show an Eddington parameter Γ around 0.85-0.90 in the deep subsonic layers of the wind (at a Rosseland optical depth of 20). This occurs because of the relatively high luminosity-to-mass ratio resulting from the evolution. We recall that the proximity to (or surpassing of) the Eddington limit seems to be a key factor in the LBV phenomenon [34] [35] [36] [37] . For instance, BSGs have much lower Eddington parameters than LBVs [38] .
Third, rotating stars in the 20-25 M range have surface chemical abundances at the pre-SN stage that are consistent with LBVs. Both models show He and N overabundances and H, C and O depletion, suggesting that CNO-processed material is present on the surface. For example, the 20 M model has He and N abundances (0.74 and 0.0075 by mass fraction, respectively) that are remarkably similar to those of LBVs (e.g. [38] ).
It is worth noting that the LBV classification does not correspond to an evolutionary stage but is instead phenomenological, where one of the following properties has to be present. Either the star shows S-Doradus type variability, or giant eruptions of several solar masses must have occurred [34, 39] . Neither of those short-term effects are included in the long-term stellar evolution calculations. Despite semantics, the most recent stellar evolution models predict SN progenitors that have spectral appearance, proximity to the Eddington limit and chemical abundances at the surface similar to LBVs.
The detectability of Wolf-Rayet stars as progenitors
Single stellar evolution models generally predict that the most massive stars should evolve to the WR stage because of mass loss (e.g. [14] ). If these WRs indeed explode as SNe, they should be the immediate progenitors and maybe detectable in pre-explosion images. Previous studies have carefully analysed the available pre-explosion images of SN Ibc [6] , and proposed that the current observed population of Large Magellanic Cloud WR stars would have been detectable in many cases. This clearly shows that the observed WR population are not immediate SN progenitors. It would also imply that these observed WR stars either significantly evolve before core-collapse [40] , or become more extinct, or do not explode as bright SNe [6] . This would also imply that the majority of SN Ibc progenitors should come from a different population of lower mass He stars that lose their H-rich envelope through binary evolution. One of the only stars observed in this mass range is HD 45166 [41] , which has an estimated mass of 4.2 M [42] . Gotberg et al. [43] present binary evolution models that show that indeed stars with initial masses around 12 M that have a binary companion may show a similar spectral morphology to HD 45166. Since single and binary star models predict significantly different SN Ibc properties, detecting their progenitors in pre-explosion images is thus crucial for determining their evolutionary history. Unfortunately, only one SN Ib progenitor has been observed so far (iPTF13bvn [5, 44] ) and no SN Ic progenitor has been detected in pre-explosion images [6] .
(a) Supernova Ib progenitors
The SN Ib iPTF13bvn offers the best opportunities for constraining the properties of SN Ib progenitors and the evolutionary channels leading to these explosions. The initial observations and models based on the photometric discovery suggested that the iPTF13bvn progenitor was a massive WR star [5, 10] . Figure 6 presents the expected absolute magnitudes of single-star models in the SN Ib progenitor range compared with the observed photometry of iPTF13bvn's progenitor. These results indicate that a single WR star with initial mass in the range 31-35 M fits well the observed photometry of the progenitor of iPTF13bvn. The model progenitor has a luminosity of log(L /L ) ∼ 5.55, surface temperature of approximately 45 000 K and mass of approximately 10.9 M at the time of explosion. In a single-star scenario, this would imply that some stars with relatively high initial masses (greater than 30 M ) would produce visible SN explosions at their deaths and would not collapse directly to a black hole.
The single-star models indicate a very uncertain ejecta mass of approximately 8 M , which is higher than the average of the SN Ib ejecta mass that is derived from the lightcurve (2-4 M [45, 46] ). Further modelling supports an ejecta mass around 1-2.3 M [44, [47] [48] [49] [50] , suggesting that the progenitor of iPTF13bvn had a lower initial mass than classical WR stars and a binary companion should have been present at the time of explosion. Ongoing searches with the Hubble Space Telescope have yet to detect a companion, which may not be observable if significant dust formation occurred [51] . The most recent binary models involve common-envelope evolution, which may have resulted in a black hole companion at the time of explosion [52, 53] . Given the conflicting SN ejected mass with single star models and the lack of detection of a companion, the exact nature of the progenitor of iPTF13bvn is still subject of debate, and future observations (and modelling) are needed to definitively determine its nature.
(b) SN Ic progenitors
No WR star has been detected as an SN progenitor yet. Even then, significant conclusions on their progenitor natures can be drawn from both single and binary star models based on the available upper limits on the progenitor's photometry. Hereafter we focus on prediction from single star models, since at the moment no grid of coupled stellar evolution and atmospheric radiative transfer models exist for the binary stars at the pre-SN stage. We note that the low ejecta masses of SN Ibc [45, 46] are, in general, in better agreement with binary models [6, 7] .
For single stars, combined stellar evolution models predict three main properties of SN Ic progenitors. First, unlike SN IIP progenitors, the models predict that the absolute magnitude in a given filter of SN Ic progenitors does not depend strongly on the initial mass. As a consequence, in the event that an SN Ic progenitor is detected in pre-explosion images, single star models indicate that it will be challenging to constrain its initial mass based on photometry only. Second, theoretical models predict that the limiting magnitudes in the observations should be at least two magnitudes fainter than the current best limit in the B band to detect single star progenitors of SN Ic at distances of 10-20 Mpc. For a deep SN 2002ap-like detection limit such as m B = 26.0 mag [54] , the maximum distance that an SN Ic progenitor would be detected in typical pre-explosion images is approximately 5.5 Mpc. For typical detection limits (m = 24.5 mag) and low amounts of extinction (0.3 mag), these models suggest that SN Ic progenitors from single stars would be detected up to a maximum distance of approximately 2.7 Mpc ( figure 7) .
Finally, combined stellar evolution models predict that SN Ic progenitors end their lives with extremely high T eff (150 000-175 000 K). Their spectrum is characterized by broad emission lines of C IV and O VI, which are characteristic of WO stars. This is contrary to what has been widely expected based on the chemical abundance of the progenitor, which predicted a WC star at the pre-SN stage. Here we show that the high T eff , coupled with the presence of moderate amounts of O at the surface (approx. 30% by mass), produces the morphology characteristic of WO 1-3 stars. This presents a shift in paradigm, since the models suggest a WO spectral type before core collapse rather than a WC, as has been widely assumed in previous stellar evolution models based on the chemical composition of the progenitor alone [14, 55, 56] . The predictions discussed here for WR stars strongly depend on the structure of their stellar envelopes, which are dominated by radiation pressure. Their radial extension depends on how clumped they are, whether the clumps are optically thin or thick, and the efficiency of convection in those stellar layers [37, 57] . This could in principle change the spectral morphology at the pre-SN stage. Inflated WR stars could be brighter in the optical and be easier to detect as SN progenitors [58] . 
Conclusion
Recent advances in observational techniques and numerical stellar evolution modelling are allowing significant insights into the nature of core-collapse SN progenitors. Ongoing and future photometric surveys promise to provide unprecedented information on massive stars before death. The coupling of radiative transfer models such as CMFGEN to stellar evolution models allows the prediction of observables that can be directly compared to these new observations. The continuous improvements in stellar evolution models, including binary evolution, are providing a clearer picture of how stars evolve and die. The gap between massive stars and SNe is definitely shrinking, and the landscape for the next five years of research in this fields looks promising.
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